Planar supported lipid bilayers that are stable under ambient atmospheric and ultra-high-vacuum conditions were prepared by cross-linking polymerization of bis-sorbylphosphatidylcholine (bis-SorbPC). X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) were employed to investigate bilayers that were cross-linked using either redox-initiated radical polymerization or ultraviolet photopolymerization. The redox method yields a more structurally intact bilayer; however, the UV method is more compatible with incorporation of transmembrane proteins. UV polymerization was therefore used to prepare cross-linked bilayers with incorporated bovine rhodopsin, a light-activated, G-protein-coupled receptor (GPCR). A previous study (Subramaniam, V.; Alves, I. D.; Salgado, G. F. J.; Lau, P. W.; Wysocki, R. J.; Salamon, Z.; Tollin, G.; Hruby, V. J.; Brown, M. F.; Saavedra, S. S. J. Am. Chem. Soc. 2005, 127, 5320-5321) showed that rhodopsin retains photoactivity after incorporation into UV-polymerized bis-SorbPC, but did not address how the protein is associated with the bilayer. In this study, we show that rhodopsin is retained in supported bilayers of poly(bis-SorbPC) under ultra-high-vacuum conditions, on the basis of the increase in the XPS nitrogen concentration and the presence of characteristic amino acid peaks in the ToF-SIMS data. Angle-resolved XPS data show that the protein is inserted into the bilayer, rather than adsorbed on the bilayer surface. This is the first study to demonstrate the use of ultra-high-vacuum techniques for structural studies of supported proteolipid bilayers.
Introduction
Artificial membrane systems such as planar supported lipid bilayers (PSLBs) have been frequently used as models of cell membranes to study interactions of lipids with proteins, cholesterol, and other biological molecules of interest. [2] [3] [4] PSLBs are also being increasingly used as biocompatible coatings in biosensing and diagnostic devices. [5] [6] [7] Only noncovalent interaction forces hold the lipids in these membranes together; thus, these bilayer systems are intrinsically unstable and collapse or desorb when removed from an aqueous environment and exposed to the ambient atmosphere or ultra-high-vacuum conditions. [8] [9] [10] [11] [12] This is a major limitation for applications of PSLBs in sensors and other types of devices, as well as implantable biomaterial surfaces. Additionally, many surface-sensitive analytical techniques such as X-ray photoelectron spectroscopy (XPS) and timeof-flight secondary ion mass spectrometry (ToF-SIMS) that operate under vacuum and provide detailed chemical characterization information cannot be used to analyze PSLBs.
To address these limitations, supported bilayers composed of lipids functionalized with polymerizable dienoyl moieties have been developed. After cross-linking polymerization, these stabilized PSLBs can withstand the transition from aqueous to ambient atmospheric conditions, as well as ultrahigh vacuum. [13] [14] [15] Ellipsometry, atomic force microscopy (AFM), XPS, and other surface analytical methods were used to investigate the surface coverage, structure, and defects of these bilayers. 14, 15 The results showed that, after drying, the poly(PSLB)s were highly uniform over surface areas of several square centimeters, with a surface composition and thickness that were consistent with values expected for a uniform bilayer composed of polymerized lipids with phosphorylcholine (PC) headgroups.
These cross-linked PSLBs were also found to be highly resistant to nonspecific adsorption of proteins, similar to fluid bilayers composed of PC lipids. 15 The repulsion of nonspecific protein adsorption is essential for the detection and quantification of interacting biomolecules and possible subsequent interaction with other biomolecules (e.g., antibody/antigens, receptors, etc.). [16] [17] [18] In a more recent study, 1 a transmembrane protein, bovine rhodopsin (Rho), 19,20 was reconstituted into polymerizable PSLBs which were subsequently cross-linked using UV photopolymerization. Using plasmon waveguide resonance (PWR) spectroscopy to measure the conformational change that accompanies photoactivation of Rho, it was shown that the activity of the protein was fully maintained in the poly(PSLB). The finding that Rho, a model for G-protein-coupled receptors, is fully functional in a poly(lipid) bilayer is potentially significant for the development of molecular devices based on stable artificial membranes reconstituted with transmembrane proteins. However, this study 1 did not provide any information on how Rho is associated with the PSLB, e.g., whether it is inserted into the bilayer or merely adsorbed on its surface. This important issue can be addressed using angle-resolved XPS. Both ToF-SIMS and XPS are surface-sensitive techniques, yielding information about the top few nanometers. [21] [22] [23] [24] While XPS is quantitative, ToF-SIMS yields information on the structure of the adsorbed organic overlayers and the underlying substrate. [25] [26] [27] Here we focus on utilizing these ultra-high vacuum techniques to structurally characterize PSLBs composed of bissorbylphosphatidylcholine (bis-SorbPC) that are polymerized using either redox radical initiation or UV irradiation. The physical and chemical properties of poly(bis-SorbPC) bilayers produced by these two different polymerization methods have been studied extensively in lipid vesicles, 28 but comparatively little is known about the corresponding PSLB architectures. Moreover, structural details of rhodopsin reconstituted into poly(PSLB)s have not been examined before. In this study XPS and ToF-SIMS are used to investigate these systems in more detail. Additionally, angle-resolved XPS is employed to investigate the location of Rho in the PSLB, an issue that has not been addressed in any prior studies of surfactant-assisted reconstitution of transmembrane proteins into PSLBs.
Materials and Methods
Bis-SorbPC (1,2-bis[10-(2′,4′-hexadienoloxy)decanoyl]-sn-glycero-3-phosphocholine) was synthesized as described previously. 29 Silicon wafer substrates were purchased from Wacker-Chemie GmbH (Munich, Germany). All other reagents were purchased from standard commercial sources and used as received. Purification of retinal rod membranes and solubilization of Rho were carried out as described previously. 30 Deionized water was obtained from a Barnstead Nanopure system (Barnstead/Thermolyne, Dubuque, IA) with a measured resistivity of 18 MΩ. PSLB Formation. Detailed procedures for preparation of polymerized PSLBs of bis-SorbPC on silicon wafers have been published previously. 14, 15 Briefly, supported lipid bilayers were formed on cleaned substrates by fusion of small unilamellar vesicles (0.5 mg/mL solution in 10 mM phosphate buffer, pH 7.2). PSLBs were then subjected to UV photopolymerization by exposure to light for 30 min from a low-pressure mercury pen lamp with a rated intensity of 4500 µW/cm 2 at 254 nm. Alternatively, PSLBs were redox polymerized for 2 h under positive argon pressure with deoxygenated solutions of potassium persulfate (0.02 M) and sodium bisulfite (0.01 M). After polymerization the PSLBs were removed from solution, rinsed with deionized water, and dried under nitrogen. For both polymerization methods, >95% of bis-SorbPC monomers react to form a polymer, on the basis of UV-vis absorbance measurements. 14, 15, 31 Rho was reconstituted into PSLBs before polymerization using a surfactant dilution method. 1 An aliquot of Rho (2 mg/mL) solublized in 30 mM octyl glucoside (OG) was injected into the aqueous buffer (10 mM phosphate, pH 7.2) above an unpolymerized PSLB in a custom-made cell. Injection caused dilution of the aliquot to final bulk protein and OG concentrations of ca. 5 µM and 3 mM, respectively. Diluting the OG below its critical micelle concentration (cmc) of 25 mM is presumed to cause spontaneous transfer of Rho from OG micelles into the PSLB. 1 The solution above the PSLB was mixed gently and allowed to equilibrate for 5 h, after which the cell was rinsed with excess buffer to remove the detergent. The PSLB was then UV polymerized by exposure to the Hg pen lamp for 45 min through a band-pass filter (Hoya U-330) to remove visible light that activates Rho. 30 Rho reconstitution and PSLB polymerization were performed in dim red light (Kodak safelight filter no. 1). Under these polymerization conditions: (i) >95% of bisSorbPC monomers react to form a polymer, on the basis of UV-vis absorbance measurements; 1, 14, 15, 31 (ii) Rho retains its native UVvis absorption spectrum including the 500 nm band indicative of a protonated retinylidene Schiff base. 1 XPS Analysis. XPS measurements on polymerized PSLBs with and without reconstituted protein were carried out on a Kratos AXIS Ultra DLD instrument (Kratos, Manchester, England), using a monochromatic Al KR X-ray source. Angle-resolved XPS measurements were conducted at 0°, 55°, and 70°takeoff angles (TOAs). The photoelectron TOA is defined as the angle between the surface normal and the axis of the analyzer of the lens. A compositional survey and detailed scans (P 2s, N 1s, O 1s, Si 2p, and C 1s) were acquired using a pass energy of 80 eV. High-resolution spectra (C 1s) were acquired using a pass energy of 20 eV. All binding energies (BEs) were referenced to the hydrocarbon C 1s peak at 285 eV. Three spots on two or more replicates of each sample type were analyzed. The compositional data are an average of the values determined at each spot. Data analysis was performed with the Kratos Vision Processing and CASA XPS (www.casaxps.cwc.net) data reduction software.
ToF-SIMS Analysis. A model 7200 Physical Electronics instrument (PHI, Eden Prairie, MN) was used for static ToF-SIMS data acquisition. The instrument has an 8 keV Cs + ion source, a reflectron time-of-flight mass analyzer, chevron-type multichannel plates (MCPs), and a time-to-digital converter (TDC). Positive and negative secondary ion mass spectra were acquired over a mass range from m/z ) 0 to m/z ) 1000. The area of analysis for each spectrum was 100 µm × 100 µm, and the total ion dose used to acquire each spectrum was less than 1 × 10 12 ions/cm 2 . The mass resolution (m/∆m) of the secondary ion peaks in the positive spectra was typically between 4000 and 6000. The ion beam was moved to a different spot on the sample for each spectrum. The mass scales of the positive secondary ion spectra were calibrated using the CH 3 + , C 2 H 3 + , C 3 H 5 + , and C 5 H 10 N + peaks. The mass scales of the negative secondary ion spectra were calibrated using the CH -, OH -, and C 2 H -peaks. At least two replicates were analyzed for each sample type, with three positive and negative spectra acquired on each replicate. Negative ion results were not shown in this study as they did not significantly contribute any additional information to the overall results.
Principal Component Analysis (PCA). PCA of the ToF-SIMS data was performed using the PLS Toolbox V 2.0 (Eigenvector Research, Manson, WA) for MATLAB (The Mathworks Inc., Natick, MA). Prior to this multivariate analysis, a peak set was created by assigning a centroid peak value and area of integration window for each peak detected in all spectra. The areas of these peaks were then calculated for every spectrum and normalized to the total intensity of all peaks in each individual spectrum to correct for differences in total secondary ion yield between spectra. This process yielded a matrix of n peaks and m samples, representative of all spectra collected. These data were mean centered (set to the origin) to ensure that the variance in the dataset was due to differences in sample variances rather than differences in sample means.
Results and Discussion

XPS of UV-and Redox-Polymerized Bis-SorbPC Bilayers.
XPS was used to investigate UV-and redox-polymerized bisSorbPC bilayers. Small but distinct differences in the composition of the two types of bilayers were observed. As both polymerization methods were applied to the same lipids, these differences arise from the polymerization process. Although cross-linked PSLBs are formed by both methods, previous studies on poly(bis-SorbPC) vesicles have shown that redox initiation produces a greater degree of polymerization (X n ) 50-500) than UV irradiation (X n ) 3-10). 32-34 A similar trend likely occurs in bis-SorbPC PSLBs polymerized by these two methods, and significant differences in their respective structural properties have been observed. 14, 15 The origin of these differences may be different propagation mechanisms for the two methods. 1 H NMR analysis of redoxpolymerized bis-SorbPC vesicles indicates that the polymerization proceeds via a 1,4-addition reaction. 35, 36 The mechanism of UV photopolymerization of these lipids has not been established. Table 1 shows the XPS-determined atomic concentrations of the PSLB-modified surfaces. The redox-polymerized bilayers exhibit slightly higher carbon concentrations compared to the UV-polymerized bilayers. Similarly, slightly higher percentages of silicon and oxygen, indicative of the underlying substrate, were found for the UV-polymerized bilayer. To remove the contribution of the silicon wafer from the atomic composition calculations, the average peak area ratio of elemental silicon (Si met ) to SiO 2 (Si ox ) was calculated for each analysis spot. This was done using the detailed Si 2p spectra to measure the relative percentages of the Si met and Si ox peaks (data not shown). Then the stoichiometric 2 parts of oxygen corresponding to the Si ox peak were subtracted from the total oxygen concentration. In addition to this, a second factor was incorporated into the calculation to allow for the differences in mean free path (λ) between Si (λ Si ) and O (λ O ). The final equation used for calculating the SiO 2 free oxygen concentration (atom %) was where λ O /λ Si ) 3.39 nm/4.09 nm ) 0.83. Table 2 shows the corrected values without the underlying silicon substrate contributions. For the UV-polymerized samples, the C, O, and P XPS-determined concentrations were all consistent with the values expected from theory, but the N content was lower than predicted. The redox-polymerized samples exhibited slightly higher carbon and lower oxygen concentrations than expected. Comparison of the Si concentrations in Table 1 indicates that the UV-polymerized layer (higher Si signal) is either thinner than the redox sample or is not continuous. The former possibility is consistent with prior studies of bis-SorbPC PSLBs polymerized by these two methods. Ross and co-workers demonstrated that redox-initiated radical polymerization preserves the overall bilayer structure after drying, with very few structural defects as measured by AFM and ellipsometry. 14, 15 The bilayer structure of UVpolymerized PSLBs is also largely preserved after drying; however, these membranes were thinner and had a higher density of small defects, likely caused by desorption of low molecular weight oligomers upon removal from water. Nevertheless, UVpolymerized bilayers show greatly enhanced stability compared to unpolymerized, fluid lipid bilayers which are completely desorbed from the substrate upon removal from water. 14, 15 In addition to analyzing the atomic composition, peak fitting was performed on the high-resolution C 1s spectra. Figure 1 shows a representative three-peak fit to the spectra with CH x (285.0 eV), C-N and C-O (∼286.5 eV), and OsCdO (289.0 eV) carbon species. The C-N (286.1 eV) and C-O (286.7 eV) contributions were too close to separately quantify and were therefore summed together. The C 1s results for both UV-and redox-polymerized PSLBs matched the theoretical values well.
ToF-SIMS and Multivariate Analysis of UV-and RedoxPolymerized Bilayers. PCA was used to examine the differences between the ToF-SIMS data of UV-and redox-polymerized PSLBs. PCA reduces the multidimensional (multipeak) aspect of each spectrum to new variables called principal components (PCs) that describe the largest variation in the sample set. The original data are thus reduced to a cross-product of two smaller matrices, termed scores and loadings. The resulting PCs are linear PCA indicated a distinct separation of the UV-and redoxpolymerized PSLBs, with PC 1 capturing 78% of the variation in the dataset, as shown in the scores plot (Figure 2, left) . Analysis of the loadings plot for PC 1 indicated that the variations between the sample types could be related to the surface composition (Figure 2, right) . For both samples, the same peaks were present in the ToF-SIMS fragmentation pattern, but the relative intensities of these peaks were different. Peaks associated with the lipid head group loaded more strongly with the redox samples, while peaks associated with the lipid tails and the silicon wafer loaded more strongly with the UV samples. This result suggests that there may be a greater degree of order associated with the redox samples, resulting in a higher yield of the head group ions. Lower surface coverage or the presence of defects in the UV samples is indicated by the increased presence of tail group and substrate signals within the ToF-SIMS sampling area (∼1-2 nm depth of analysis and 100 µm × 100 µm area of analysis). These results are consistent with the XPS composition results discussed above and with previous studies 14, 15 showing that UV polymerization produces thinner bilayers with a higher density of defects. However, we cannot rule out the possibility that the UV polymerization may cause a minor amount of lipid photodegradation. Lipid photodegradation has been shown to occur when significantly more aggressive UV illumination conditions are used. 37, 38 XPS Study of Rhodopsin Incorporated into UV-Polymerized Bilayers. Rhodopsin reconstitution followed by redox polymerization of bis-SorbPC PSLBs was attempted, but the protein was found to precipitate under the harsh polymerization conditions (data not shown). This may be because the acidity of the redox solution (pH 2) causes protein denaturation or because the hydroxyl radicals generated in the process may react with protein side chains. A similar result was observed when the polymerization reaction was performed in a neutral buffer with high buffering capacity, possibly due to high salt concentrations as well as radical generation. We are currently exploring the possibility of optimizing the conditions of this redox system as well as other redox couples to permit transmembrane protein reconstitution. For the current study, only UV-polymerized bisSorbPC PSLBs containing Rho were analyzed with XPS and ToF-SIMS. Table 4 shows the XPS-determined compositional differences between poly(PSLBs) with and without reconstituted Rho. There is little difference in the carbon, oxygen, and silicon elemental contributions. The nitrogen signal, however, is significantly higher in the PSLBs containing Rho, indicating the presence of nitrogenrich protein molecules. The somewhat lower phosphorus contribution is attributed to the lower surface coverage of lipids in the proteolipid film, due to some fraction of the surface being occupied by Rho.
The high-resolution C 1s results from UV-polymerized PSLBs with and without incorporated Rho are shown in Figure 3 and Table 5 . As can be seen by visual inspection of Figure 3 and a All data are shown as the relative percentage of the total C 1s peak area. The fitted data for both the UV-and redox-polymerized bilayers agree well with the theoretical values calculated from the stoichiometry of the bis-SorbPC molecule.
supported by the fitting results in Table 5 , Rho incorporation results in a decrease in the CH x and OsCdO species and an increase in the NsCdO species. This is expected since the Ns CdO species is from the protein peptide backbone and the CH x and OsCdO species are primarily from bis-SorbPC. Thus, both the XPS composition and high-resolution spectral results are consistent with the proteolipid films having a lower lipid surface coverage after Rho incorporation.
Angle-resolved XPS measurements were used to investigate the location of Rho in UV-polymerized bilayers. As described above, Rho was reconstituted into PSLBs using a surfactant dilution method, which is thought to involve spontaneous transfer of Rho from OG micelles into the PSLB. 1 However, the actual mechanism is unknown, as is the nature of the association between Rho and the lipid bilayer. For example, it is clear from prior studies 1 and the XPS data in Table 4 that Rho is bound to the PSLB and is photoactive, but it is not clear whether Rho is inserted into the PSLB or merely adsorbed onto its surface.
To determine the location of the protein in the bilayer, the compositions of all elements (C, O, Si, N, and P) were measured at three TOAs: 0°(perpendicular to the sample surface), 55°, and 70°(glancing angle). The silicon substrate signals were subtracted using eq 1, as described above, after determination of the percentages of silicon (Si met ) and SiO 2 (Si ox ) from the Si 2p spectra, which varied greatly depending on the TOA. The ratio of Si met to Si ox was much higher at lower TOAs (data not shown). Then, twice the Si ox contribution was subtracted from the overall oxygen signal, and the remaining oxygen (from the bilayer and protein), plus carbon, nitrogen, and phosphorus, was renormalized to 100%. Table 6 lists the corrected compositions of UV-polymerized PSLBs with and without Rho at the three different TOAs. The sample lacking Rho shows a slight decrease in the oxygen signal and a slight increase in carbon with increasing TOA. At a 0°TOA, the entire thickness of the bilayer is analyzed, and the experimental values for C, O, P, and N are close to the theoretical values calculated for a bis-SorbPC bilayer. The XPS compositional data at the larger glancing angles detect more of the outer leaflet of the PSLB, thereby attenuating the P, O, and N signals from the inner leaflet that is adjacent to the substrate. A similar result is found in the case of the UV-polymerized PSLB containing Rho, with the exception of overall lower C, O, and P values due to the increase of the nitrogen signal from protein incorporation. A notable finding is that the nitrogen signal remains practically constant across all TOAs. If the protein molecules (with a 4-5 times higher percentage of nitrogen compared to that of the lipid) were adsorbed on top of the PSLB, the nitrogen signal would increase significantly with increasing TOA, while the oxygen and carbon signals from the underlying lipid molecules would be attenuated. The fact that this was not observed shows that the protein is inserted into the bilayer (i.e., uniformly distributed throughout its thickness) rather than adsorbed on top of it. The results presented here and published previously 1, 14, 15 clearly establish that these PSLBs maintain the photoactivity of incorporated Rho and their overall structure after drying.
ToF-SIMS Study of Rho Incorporated in UV-Polymerized Bilayers. PCA was used to examine the differences in the ToF-SIMS analysis of UV-polymerized bilayers with and without incorporated Rho, using the entire positive secondary ion dataset. a Similar compositions are observed for both types of bilayers. However, the proteolipid bilayers have a lower phosphorus content (likely from a lower lipid surface coverage due to some surface area being occupied by Rho) and a significantly higher nitrogen content (due to the incorporated Rho).
Figure 3. XPS high-resolution C 1s spectra comparing UVpolymerized bis-SorbPC bilayers lacking Rho (black, top) and containing Rho (gray, bottom). There is a distinct decrease of the OsCdO contribution (due to lipid tails) and an increase of the NsCdO contribution (due to Rho) in the proteolipid membrane. The top spectrum has been offset for clarity. a All data are shown as the relative percentage of the total C 1s peak area. a A slightly higher concentration of Rho was chosen for this experiment to enhance the effect of angle-dependent XPS analysis. The constant nitrogen concentration at all TOAs indicates that the nitrogen distribution is homogeneous across the lipid and protein layer, which shows that the nitrogen-rich protein is incorporated into, rather than adsorbed on top of, the PSLB. PC 1, which captured 80% of the overall variance in the dataset, showed that peaks occurring from the amino acids loaded more strongly with the samples containing Rho. Many of the amino acid fragments (CH 4 N, C 2 H 6 N, etc.) found could also originate from the lipid head groups, but are found at much higher intensities in proteins compared to lipids. 39 Fragments originating from the lipid tails, on the other hand, loaded more strongly with polymerized bilayers that lacked Rho (Figure 4) . These results are consistent with the XPS results discussed above.
Conclusions
Two methods of preparing cross-linked PSLBs from bisSorbPC were compared and evaluated by XPS and ToF-SIMS. Redox-initated radical polymerization produced a more structurally intact PSLB than UV photopolymerization, which is consistent with prior studies 14, 15 on application of these two polymerization methods to bis-SorbPC bilayers. However, the redox method was found to deactivate Rho. The UV polymerization method, which has been shown to maintain the photoactivity of incorporated Rho, 1 was therefore used to prepare polymerized proteolipid membranes for further studies. The presence of protein in polymerized PSLBs was confirmed and quantified with XPS and ToF-SIMS. Angle-resolved XPS was employed to determine whether the method used to incorporate Rho results in adsorption onto or insertion into the PSLB. The results show that Rho is inserted, and previous studies 1 have shown that it is also photoactive when hydrated. It is unknown whether its photoactivity is retained after the PSLB is dried; this topic will be a subject of future studies. Finally, the results of this study suggest the feasibility of reconstituting and stabilizing other types of transmembrane proteins, such as ligand-activated GPCRs and ion channels, into poly(bis-SorbPC) PSLBs to permit structural analysis using ultra-high-vacuum techniques, as demonstrated here for Rho. 
